Introduction
The migration of malignant tumour cells from a primary site to near and distant secondary sites is probably the most important event in the pathogenesis of cancer. Tumour metastatization involves a sequence of events that culminates in the dissemination and establishment of metastatic foci. 1, 2 During the haematogenous phase of the metastatic process, tumour cells undergo a variety of cell-cell interactions bene®cial to tumour cell survival, such as interaction with platelets and attachment to vascular endothelium 3 and basement membrane proteins. 4, 5 Moreover, target tissue colonization involves local proteolysis, migration and cellular growth. 6 The key role of the environment of a neoplasm in affecting its metastatic or malignant behaviour is well established. 7 In particular, the malignancy of diverse tumours, including melanoma, can be markedly altered by conditions that induce cell differentiation. 8, 9 The differentiation of melanoma cells from unpigmented to black, melanin-synthesizing cells is understood in some biological and biochemical detail, 10 and can be induced in cultured melanoma cells by various agents. Most of these agents are known to enhance the intracellular activity of transglutaminase, including tetanus toxin, 11 theophylline 12 and retinoic acid. 13 Methylxanthines, and in particular theophylline, can induce differentiation, paralleled with a reduction in proliferation, in B16 melanoma cells. 14, 15 Some of the effects of these natural compounds are of interest because of the widespread use of methylxanthine-containing beverages (coffee, tea, etc.), whereas others have been used to therapeutic advantage. 16, 17 It is well known that theophylline acts as cAMP-phosphodiesterase inhibitor, involving alterations in the cAMP system of tumour cells. 18 Moreover, many of the biological effects of adenosine can be reverted by theophylline, suggesting a role as an adenosine antagonist. 19 More recently a role for theophylline has been suggested in the induction of apoptosis in blood cells, 20, 21 whereas possible effects on melanoma cell lines are as yet lacking. We have recently shown that theophylline remarkably affected the in vitro migration and invasion of B16-F10 melanoma cells through reconstituted basement membranes, and reduced the size and frequency of pulmonary colonies after intravenous injection of tumour cells into syngeneic mice. Moreover, the pretreatment of tumour cells with theophylline reduced their adhesion to speci®c basement membrane proteins, i.e. laminin and collagen type IV. 14, 22 The aim of the present work was to extend our knowledge about the mechanism(s) involved in theophylline-mediated antineoplastic activity, investigating the possible induction of apoptosis in B16-F10 melanoma cells treated with theophylline usinḡ ow cytometric evaluation of DNA fragmentation and analysis of p53 overexpression. We then studied the in¯uence of theophylline treatment on tumour implantation after melanoma cell inoculation in mice. The invasive capacity of B16-F10 cells in mice treated with oral theophylline was evaluated in two different experimental models: lung colonization, via tail vein injection, and liver colonization, via intrasplenic inoculation.
Materials and methods

Materials
Theophylline was purchased from Sigma Chemicals Co. (St Louis, Missouri, USA). Dulbecco's modi®ed essential medium (DMEM), fetal calf serum (FCS) and Versene (EDTA) were from Gibco Laboratories (Grand Island, New York, USA). All other chemicals were from Merck (Darmstadt, Germany).
Cell cultures
B16-F10 murine melanoma cells (obtained from I.J. Fidler, University of Texas, MD Anderson Cancer Centre, Houston, Texas, USA) were propagated under standard culture conditions. 23 Cultures were shown to be free from Mycoplasma species using the Hoechst staining procedure. The metastatic potential of the cell line has been assessed in an in vitro assay, as described elsewhere. 24 The metastatic activity, both spontaneous and experimental, of this line was evaluated and was found to be stable over the time of the experimental procedure performed.
Flow cytometric cell cycle analysis and evaluation of apoptosis Melanoma cells were plated onto six-well plates (1 3 10 5 cells), treated with theophylline (0.1 mM, 0.5 mM or 1 mM) for 48 h, then detached, washed once with phosphate buffered saline (PBS) and ®xed in 70% cold ethanol. The ®xed cells were then washed with PBS containing 1% FCS, incubated with 50 ìg/ml ribonuclease A (RNase A, Sigma Chemicals Co.) for 30 min at 378C and stained with propidium iodide (PI) (50 ìg/ml, Sigma Chemicals Co.) according to standard protocols and gated out electronically. The relative DNA content and percentage of cells in various cell cycle compartments were determined using a FACScan (Becton Dickinson) and CellQuest software. The percentage of apoptotic cells was calculated by selecting cells exhibiting a mean channel¯uorescence (MCF) below the G 1 phase of the cell cycle. 25 DNA fragments smaller in size than 10% of those corresponding to G 1 cells were not included in the analysis, according to published protocols. 26 
Western blot and densitometry
Cells were cultured and treated with theophylline as described before. They were then detached, 100 ìg of total proteins added with Laemmli solution, boiled, and electrophoresed in 8±15% gradient sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS±PAGE) under reducing conditions and electroblotted to a nitrocellulose membrane (Biorad). The membrane was blocked with 3% gelatine solution, then incubated with 0.2 ìg/ml antibody to p53 (monoclonal Pab-240, Santa Cruz Biotechnology Inc.) for 90 min at room temperature. Finally, immunoreactive p53 was detected using the ECL detection system (Amersham Life Technologies), according to the manufacturer's instructions. For quanti®cation, densitometric analysis was performed using a Gel-Pro analyser (Media Cybernetics, USA), and the integrated optical density (IOD) values were expressed as a percentage of the control (100%).
Animals
Male 6 week old C57BL/6N mice were obtained from IFFA Credo (L'Abresle, France) and housed under pathogen-free conditions. All experimental protocols were carried out following the Guidelines for the Welfare of Animals in Experimental Neoplasia (Br J Cancer 1998; 77 (1) 
Theophylline treatment protocols
Mice were treated orally with 20 mM theophylline in tap water, according to different protocols: (i) from 3 days before tumour cell inoculation until animal sacri®ce (`early treatment'); (ii) from 3 days before until 3 days after tumour cell inoculation (`short treatment'); or (iii) from 3 days after tumour cell inoculation until animal sacri®ce (`late treatment'). Plasma levels of theophylline were measured using high performance liquid chromatography (HPLC), as described elsewhere. 27 Theophylline concentrations were extrapolated from a standard curve. Daily plasma extractions were carried out in triplicate.
Quantitative evaluation of liver and lung metastasis
For lung experimental metastasis, viable B16-F10 cells were detached with EDTA, counted, resuspended in DMEM at a concentration of 10 6 cells/ml and 200 ìl injected into the tail vein of anaesthetized mice. Hepatic metastases were produced by the intrasplenic injection of 2 3 10 5 tumour cells suspended in DMEM (10 6 cells/ml). As a control, untreated or theophylline-treated mice were injected with vehicle only. A second control group received no treatment, but was inoculated with tumour cells. Animals were sacri®ced by cervical dislocation 10 days after intrasplenic inoculation and 15 days after intravenous inoculation. Livers and lungs were rapidly excised, blotted, weighed and processed for histology. Evaluation of the metastatic activity was obtained by a computerized morphometric method. 28 About 15 tissue cryosections were obtained per organ: three 4 ìm sections were made every 100 ìm from each of ®ve groups approximately 500 ìm apart. Sections were stained with haematoxylin and eosin. Densitometric analysis of digitalized microscopic images was used to discriminate metastatic tissue from normal tissue and to determine the average number of metastatic foci per mm 3 of tissue, as described previously. 28 There were 20 animals in each experimental group.
For the survival studies, about 10 untreated or theophylline-treated mice were injected intrasplenically or via the tail vein with B16-F10 cells. Each experiment was repeated twice. Moribund animals were killed without waiting for their predictable death, according to UKCCCR guidelines.
Statistical analysis
Data were analysed using the Student's unpaired ttest. Kaplan-Meier survival curves were used for the mortality studies. Differences were considered to be signi®cant at P values , 0.05.
Results
Fluorescence activated cell sorter (FACS) analysis of B16-F10 cells treated with theophylline
Cells treated with theophylline for 48 h were subjected to¯ow cytometric evaluation of DNA fragmentation. The percentage of cells with a DNA content below the G 1 peak (sub-G 1 ) was calculated to give the M1/M2 ratio. Figure 1C ) and cells treated with 1 mM theophylline (M1/M2 0.797, Figure 1D ). These results show an enhancement of the M1/M2 ratio with an increase in theophylline concentration.
Expression of p53
Cell extracts from 1.5 3 10 6 B16-F10 melanoma cells, preincubated with theophylline as described, were processed for Western blot analysis for p53 detection. As shown in Figure 2 , the amount of p53 appeared to increase in cells treated with 1 mM theophylline (lane D, IOD 320%) compared with the control (lane A, IOD 100%), whereas smaller changes were seen after treatment with 0.1 mM theophylline (lane B, IOD 123%) or 0.5 mM theophylline (lane C, IOD 143%). Figure 3 shows that the administration of 20 mM theophylline in tap water to mice leads to a steady concentration of this compound in the blood (about 100 ìM) after 3 days. These plasma levels of theophylline are lower than those considered to be toxic (300 ìM) by LD 50 determination (data not shown).
Detection of plasma levels of theophylline
Effect of theophylline treatment on B16-F10 metastasis
Due to the highly metastatic nature of B16-F10 cells, implantation into the target organ is rapid following intrasplenic or intravenous injection. After intrasplenic injection a tumour is produced in the spleen, and all mice develop hepatic metastases. By the fourth day a visible melanotic tumour (10 mm
3 ) is present in the spleen, which rapidly grows to a diameter of about 2±3 cm. Liver metastases are detectable microscopically from the seventh day, and half of the liver volume is occupied by tumour colonies by the tenth day from cell inoculation. Following intravenous injection of B16-F10 cells via the tail vein, no primary tumours were produced at the site of inoculation. Pulmonary metastases were visible from the eighth day after the injection as single black spots.
The in¯uence of theophylline treatment of mice on the experimental metastasis of B16-F10 melano- ma was investigated according to different administration schedules. Three groups of mice were treated orally with theophylline: (i) the`early treatment' group, (ii) the`short treatment' group', and (iii) thè late treatment' group (see above). Untreated animals were injected with melanoma cells on the same day as the treated animals. As shown in Table 1 , tumour cells injected into mice caused an increase in liver (1.7-fold) and lung (2.8-fold) weight compared with normal organs (P , 0.001) due to metastases formation, as con®rmed by histological analysis (data not shown). In theophylline-treated mice (`early treatment' group), a 1.2-fold increase in liver weight and a 1.7-fold increase in lung weight (P , 0.01) occurred, even when the treatment was stopped 3 days after tumour cell injection (`short treatment' group). When theophylline administration began 3 days after cell injection (`late treatment' group) the increases in weight were 1.5-fold for liver and 2.6-fold for lung (P , 0.005). The treatment of mice with theophylline without tumour cell injection did not increase the weight of the target organs. Table 2 shows the effect of the different schedules of theophylline administration on metastasis frequency. When mice were treated with theophylline for 3 days before tumour inoculation (`early treatment' group), both the hepatic and pulmonary metastatic density decreased markedly compared with control (92.3% and 81.4% reduction, respectively; P , 0.001). When the oral treatment was interrupted 3 days after the injection of B16-F10 cells (`short treatment' group), we observed a 80.2% reduction in hepatic tumour density and a 72.2% reduction in pulmonary metastasis compared with untreated animals (P , 0.001). When the oral treatment was started on the third day after the inoculation of cells (`late treatment' group), a 59.7% reduction in the number of liver foci and a 45.3% reduction in lung colonization was seen (P , 0.005).
Effect of theophylline on survival
The effect of oral treatment with theophylline on the survival of mice injected intrasplenically or intravenously with B16-F10 melanoma cells was investigated. Animals were orally fed with 20 mM theophylline in tap water for 3 days prior to the inoculation of cells. As shown in Figure 4 ,`early treatment' with theophylline caused a long-term (8± 10 days) delay in mortality; 50% of the theophyllinetreated animals were dead by 33.2 AE 2.0 days after intrasplenic injection of tumour cells (control group: 23.1 AE 1.8 days; P , 0.001) ( Figure 4A ) and 33.9 AE 2.5 days after tail vein injection (control group: 24.1 AE 1.4; P , 0.001) ( Figure 4B ). The`short treatment' and`late treatment' with theophylline had a smaller effect on the life span of the animals (data not shown).
Discussion
Theophylline has previously been demonstrated to be the most effective methylxanthine to inhibit the experimental metastasis of B16-F10 melanoma.
14 Using¯ow cytometric analysis of DNA fragmentation and Western blot analysis of p53 expression, we studied the eventual induction of apoptosis in theophylline-treated cells in the light of previous work concerning other cell lines. 20, 21, 29 Theophylline treatment of B16-F10 cells appears to induce an increase in the number of cells arrested in the G 1 phase (Figure 1 ) and an enhancement of the expression of p53 (Figure 2 ). These ®ndings strongly support a possible involvement of apoptosis in the antineoplastic activity of theophylline, as previously observed in other cells. 30 On the basis of these in vitro results, the in vivo effect of theophylline on experimental lung and liver metastasis of B16-F10 murine melanoma cells was further investigated. Since many of the morphological and functional effects induced in vitro on tumour cells by theophylline are known to be readily reversible, 31 the inoculation of pretreated melanoma cells in syngeneic mice, without the continued administration of the drug, is not likely to reveal the full potential of theophylline in tumour cells in vivo. A full evaluation of the in vivo utility of this agent will require that the bioactive concentration is achieved in the target tissues and is maintained long enough to produce pharmacodynamic effects. Such in vivo evaluation necessarily needs knowledge concerning the formulation, administration, and dose-limiting host toxicity as a function of formulation, route of administration and dose scheduling. Although oral administration of theophylline appeared to be an effective route for inhibiting melanoma metastasis, it was obviously dif®cult to monitor the amount of drug consumed by mice. To overcome this dif®culty, the plasma levels of theophylline were determined daily using Figure 4 . Effect of theophylline administration on the survival of B16-F10 hepatic or pulmonary metastasis-bearing mice. KaplanMeier survival curves for untreated mice (j, n 10) and mice fed with 20 mM theophylline in tap water (m, n 10) for 3 days before inoculation of tumour cells (`early treatment'). A The average 50% survival time was 33.2 AE 2.0 days after intrasplenic injection of tumour cells (producing hepatic tumour) into theophylline-treated mice (control group: 23.1 AE 1.8 days; P , 0.001, unpaired t-test). B The average 50% survival time was 33.9 AE 2.5 days after tail vein injection of tumour cells (producing pulmonary tumour) into theophylline-treated mice (control group: 24.1 AE 1.4 days; P , 0.001, unpaired t-test). (Figure 3 ). Theophylline reached a peak plasma concentration at about the third day of treatment, and this value was found to then be stable with time. It is noteworthy that the serum levels of theophylline were two to three times lower than the toxic concentration (LD 50 300 ìM), suggesting that the observations reported here are not due to cytotoxic effects. Furthermore, theophylline treatment alone did not exert any effect on the liver and lung weights (Table 1) . We have shown that theophylline treatment of B16-F10 melanoma-bearing mice reduced tumour implantation in two different organs (i.e. lung and liver) to various extents, depending on the time of the administration of the drug. When theophylline treatment began very early with respect to the injection of cells (`early treatment'), the average frequency of lung and liver colonies was greatly reduced compared with untreated animals. However, stopping the treatment after 3 days (`short treatment') or starting it 3 days after the injection of tumour cells (`late treatment') produced a smaller effect on the colony-forming capacity of B16-F10 cells. These results suggest that invasion of the target organ by melanoma cells is a very fast and lasting process. The presence of theophylline in the blood of animals during the inoculation of melanoma cells (`early treatment' and short treatment' groups) appears critical for greater inhibition of tumour cell invasion. On the other hand, since secondary metastases probably contribute to the total frequency of tumour foci, the late action of theophylline after the inoculation of melanoma cells may account for the observed effects in the`late treatment' group. Independent of the timing of administration, theophylline had a greater inhibitory effect on B16-F10 cell colonization of the liver when compared with that observed in the lung. This ®nding is particularly interesting considering that the liver of untreated mice had the highest frequency of metastases (Table 2) . We suggest that the enhanced hepatic susceptibility to theophylline treatment as well as the increased invasiveness of B16-F10 cells may be related to the well-known absence of the hepatic endothelial basement membrane. 32 Analysis of the survival curves clearly indicates that`early treatment' signi®cantly affects the life span of hepatic or pulmonary tumourbearing mice (Figure 4 ). Although this ®nding may simply derive from the 3 days required for the drug to reach the active plasma concentration, studies are in progress to investigate the higher ef®cacy of theophylline in mice treated before tumour cell injection.
With regard to the mechanisms for the effect of theophylline on tumour cell proliferation and invasion, some possibilities will be mentioned. Inhibitory effects of cAMP or its analogues on tumour cells in vitro, as well as a reduction in their malignant phenotypic characteristics, have been reported.
33±35
It is therefore tempting to ascribe the inhibitory effects of theophylline on B16-F10 melanoma cells to alterations in the endogenous cAMP system of the cells and to relate them to the inhibitory effects of exogenous cAMP noted by others. However, direct data documenting such a relationship are as yet lacking.
We recently reported that theophylline was able to reduce the in vitro invasive and proliferative capability of B16-F10 cells, probably via the induction of cell differentiation. 22 Differentiation therapy for human neoplastic diseases remains an elusive, although quite likely a realistic goal. For instance, most patients with acute promyelocytic leukaemia achieve complete remissions when they are treated with all-trans-retinoic acid, 36, 37 and more recently a therapeutic ef®cacy for theophylline in chronic lymphocytic leukaemia was reported. 38 We observed that theophylline treatment led to enhanced p53 expression in B16-F10 cells, indicating the induction of apoptosis. This ®nding was also con®rmed by FACS analysis. We are collecting immunohistochemical evidence of the increase of p53 expression in metastatic foci found in B16-F10 and SK-MEL target organs from theophylline-treated mice (data not shown), which supports the in vivo induction of apoptosis. Since retinoic acid, as well as theophylline, are effective activators of transglutaminases, a class of enzymes involved in cell differentiation 39±41 and apoptosis, 42, 43 it is reasonable to hypothesize that these enzymes may be involved in the molecular events leading to tumour cell differentiation and/or cell death.
